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INTRODUCTION 
Grain yield of oats and barley, expressed In pounds or bushels per 
acre, is used to measure the economic value of these crop plants. From a 
physiological viewpoint, grain yield is a complex trait, but, from a gross 
morphological viewpoint, it is simple. Grain yield can be divided into 
three structural components which have the geometric relationship to 
yield shown in Figure 1. (yield) is represented as the volume of a 
rectangular parallelepiped with dimensions (number of panicles per 
unit area), %2 (number of seeds per panicle), and X3 (weight per seed). 
Obviously, yield cannot fluctuate without concomitant fluctuations of one 
or more of the yield components. However, fluctuations of the yield com­
ponents may counterbalance each other so that yield does not fluctuate. 
Hence, if two varieties differ in genotypic potential for grain yield, 
they must differ in genotypic potential for one or more of the yield 
components: if a variety produced different grain yields under two 
different environments, there must be environmentally incited fluctua­
tions in one or more of the yield components: varieties and environments 
may interact for yield components without interaction for grain yield. 
Where a series of varieties is tested over several levels of an environ­
mental treatment, such as nitrogen, phosphorus, or planting dates, the 
associations between yield and yield component variations can be measured 
by variance and covariance analyses, and the relationship between yield 
and its components can be assigned to treatment, genotype, and genotype 
X treatment interaction effects. 
The fact that fluctuations of yield cannot occur without fluctuations 
Figure 1. Geometric representation of oat grain yield: Xj^ = number 
of panicles per unit area; X2 = average number of seeds 
per panicle; X, = average weight per seed. Volume of 
the parallelepiped is grain yield 
3 
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In yield components suggests the following questions: (a) Does the genetic 
control of yield operate through genotypic systems that control yield com­
ponents separately, or does one genotypic system jointly control all yield 
components? (b) Are the genotypic responses of the yield components to 
environmental variables controlled by independent or joint genotypic 
systems? Question (a) can be answered through genotypic correlations 
among the yield components, and question (b) can be answered through 
correlations of the genotype x environment interaction effects of the yield 
components. 
If a genotype x environment interaction exists, the genotypic 
variance and covariance among attributes may vary from environment to 
environment. Of course, variation in genotypic variances and covariances 
from one environment to another should be accompanied by variations in 
heritabilities, selection advances, genotypic correlations among char­
acters, and correlated selection advances in yield from selection for a 
yield component. 
The specific objectives of this study were: (a) to examine the 
genotypic, environmental, and genotype x environment interaction relation­
ships among yield and the yield components of oats and barley; (b) to 
examine environment-to-environment variability in heritabilities, expected 
selection advance, correlations among characters, and expected correlated 
responses of yield to selection for the yield components. 
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REVIEW OF LITERATURE 
The reports of genotype x environment interaction for yield of small 
grains are conflicting. Gregory and Crowther (1928) found no differential 
response of barley varieties to different rates of manuring; Lamb and 
Salter (1937) found no variety x fertility level interaction for oat 
yield: Reitz and Myers (1944) concluded that wheat varieties of similar 
adaptation responded similarly to superphosphate fertilization. Con­
trariwise, tforzella (1943) found that wheat varieties responded differen­
tially to varying levels of fertilizer: Frey, ^  (1952) reported that 
barley varieties differed in grain yield response to fertilizers. 
Grafius (1956a) suggested that the variety x planting date interaction 
for oat yields was due to a differential response of genotypes to night 
temperatures during the period from two weeks before to three weeks 
after anthesis. 
Several workers have studied the effects of environmental variables 
upon yield and the yield components. Wiggans and Frey (1957) found that 
delaying oat planting from early April to early May increased the 
number of panicles per plant, but delaying planting past early May 
decreased panicle number. However, Frey and Wiggans (1957) noted no 
genotype x seeding rate or genotype x season interactions for tillering 
capacities of spring oat varieties. Frey (1959a) using the yields from 
the earliest planting date as 100 percent, found that Andrew and Sauk oat 
varieties produced higher relative grain yields than did Bonham when 
the three varieties were sown late. Andrew produced a greater actual 
and relative number of seeds per panicle as the planting date was delayed. 
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whereas Sauk maintained a high number of panicles per plant: therefore 
these yield components were responsible for the high relative yields 
produced by Andrew and Sauk at late planting dates. Frey (1959b) 
observed that the mean yield increase of ten oat varieties, in response 
to nitrogen fertilization, was due to increased numbers of panicles per 
plant and numbers of seeds per panicle. Weight per 100 seeds was decreased 
slightly but not significantly by the nitrogen fertilization. Since oat 
varieties differed in yield component response to nitrogen, the author 
suggested the possibility of predicting the strains from hybrid origin 
which would produce well under high or low nitrogen conditions. Frey 
(1959c) also noted that in five of six experiments, the variety x location 
interaction for oat yield was greater than the variety x location 
interaction variance for the yield components. The multiplicative rela­
tionship of yield to the yield components was offered as an explanation. 
Some investigators have attempted to explain yield differences among 
lines within varieties on the basis of yield component performance. 
Grafius (1956c) found that panicle number per unit area and seed number 
per panicle accounted for most of the yield variation within varieties 
of oats, and that most, but not all varieties compensated for stand 
differences by increasing or decreasing panicle numbers per plant. 
The study of yield components is not new. Harland (1919a and 1919b) 
increased lint weight per boll of Sea Island cotton 31 percent by selecting 
for the components of lint weight per boll: mean number of locules per 
boll; mean number of seeds per locule; weight of lint per seed. Griffing 
(1953) found a strong negative genetic correlation between number of 
fruits per plant and weight per fruit in tomatoes, which led him to 
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conclude that selection for yield might be difficult and tedious. Powers 
(1945) found a negative association between number of fruit per plant and 
fruit size, and that number of fruit accounted for most of the variation 
in tomato yield. 
Grafius (1956b) developed five theorems to define the yield component 
characteristics of a "universal oat variety", i.e., a variety with a yield 
greater than or equal to the mean of a series of varieties in all environ­
ments. He hypothesized that a universal variety should resist environ­
mentally induced variations: the yield components (divided by their 
location means) should have mean values such that + X2 + > 3 over 
all locations and X2X2X2 > 1 at each location (Xj^ = panicles per unit 
area; Xg = seeds per panicle; Xg =» weight per seed): the greatest yield 
increase for a variety would be caused by increasing the shortest com­
ponent: at any location there would always be a variety with a yield 
equal to or greater than the yield of the universal variety. 
Smith (1936) outlined a selection index for improvement of wheat 
yields via selection for yield components. He assumed that the value of 
a plant was a linear function of its characters. Using Fisher's (1936) 
concept of "discriminant functions". Smith derived a linear function of 
the logarithms of the yield components which estimated the genetic value 
of 10 wheat varieties. 
Hazel (1943) outlined the construction of a selection index in which 
phenotypic and genotypic correlations among characters were used to 
calculate multiple correlations between aggregate breeding value of an 
individual and component characters of the individual. The usual methods 
of interclass and intraclass correlation were used to calculate phenotypic 
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correlations while regressions between relatives were used to calculate, 
genetic correlations. Tukey (1951) discussed the use of variance and 
covariance components to derive linear relationships between several 
characters. 
Comstock and Moll (1963) related genotype x environment interaction 
to fluctuations in genotypic variance, selection advance, and heritability 
from environment to environment. 
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mTERIAlS AND METHC»S 
This study involved four experiments, each consisting of a series of 
oat and/or barley varieties grown at several levels of a single environ­
mental variable. Each experiment used a split-plot design with whole 
plots consisting of levels of the environmental variable and sub-plots 
consisting of oat and/or barley varieties. A sub-plot was a hill planted 
with 24 or 28 seeds, and the hills were spaced one foot apart in perpen­
dicular directions. 
Varieties 
The experimental materials were 27 oat and 10 barley varieties 
(Tables 1 and 2). "Die varieties provided a broad genetic sample of oat 
and barley germplasm. 
Of the oat strains, Saia belongs to Avena strigosa (diploid), 
Â465, Bond, and Palestine belong to A. byzantina. and all other varieties 
belong to A. sativa. The latter two species are hexaploid. Otis and 
Spartan barley varieties belong to Hordeum distichan (2-row), and all 
other varieties belong to H. vulgare (6-row). 
Experimental Procedures 
Of the four experiments, two were grown at Kanawha and two at Ames, 
Iowa. The Kanawha oat experiment, hereinafter referred to as the oat-
phosphorus experiment, was planted in early April, 1960. The whole plot 
treatments were four rates of phosphorus, 0, 20, 40, and 80 pounds per 
acre, applied as 32.5% superphosphate in granular form. The phosphorus 
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Table 1. Cereal index numbers and characteristics of 27 oat varieties 
used herein 
Variety C. I. No. Adapted Maturity® Origin 
Albion 729 Yes M Iowa 
Andrew 4157 Yes E Minnesota 
A465 No E Australia 
Bond 2733 No E Australia 
Bonham 4676 Yes E Iowa 
Burnett 6537 Yes M Iowa 
Portage 7107 No L Wisconsin 
C, I. 7452 Yes M Iowa 
C. I. 7556 — - Yes E Iowa 
Gentore 3865 No L Oregon 
Clarion 5647 Yes M Iowa 
Clintland 60 7234 Yes M Iowa 
Graigs-afterlea 193024% No L Scotland 
Garry 4801 No L Canada 
Goodfield 7266 Yes M Wisconsin 
Jackson 5441 Yes M Iowa 
Kanota 839 No M Kansas 
Marion 3247 Yes M Iowa 
Minhafer 6913 Yes E Minnesota 
Mo. 0-205 5323 Yes M Missouri 
Newton 6642 Yes M Indiana 
Nodaway 7272 Yes E Missouri 
Palestine 2328 No E Australia 
Putnam 6927 Yes E Indiana 
Saia 4639 No L S. America 
Sauk 5946 No L Wisconsin 
Tonka 7192 Yes E Oklahoma 
= early; M = midseason; L = late, 
bpiant introduction number. 
was placed approximately one inch below the seeds in each hill. The 
phosphorus levels were applied at random to the whole plots in each 
replicate and varieties were randomly alloted to the hills within each 
whole plot. Twenty-four seeds were planted per hill and the experiment 
was replicated 20 times. Data were collected from only 24 of the 27 
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Table 2. Cereal index numbers and characteristics of 10 barley varieties 
used herein 
Variety C. I. No. Adapted Maturity Origin 
Forrest 9187 No L Minnesota 
Fox 9190 No L Wisconsin 
Kindred 6969 Yes E N. Dakota 
Liberty 9549 Yes M S. Dakota 
Moore 7251 No L Wisconsin 
Otis 7557 No M Canada 
Parkland 10001 No L Canada 
Plains 7250 Yes E S. Dakota 
Spartan 5027 No E Michigan 
Traill 9538 Yes E N. Dakota 
oat varieties because Putman and Tonka were destroyed by ground squirrels, 
and Craigs-afterlea was attacked by blue-dwarf disease. 
The barley-phosphorus experiment was also grown at Kanawha in 1960. 
All phases of this experiment were identical to the oat-phosphorus 
experiment. 
For the nitrogen fertilization experiment grown at Ames, Iowa, in 
1962, the 27 oat and 9 barley (Fox was not grown) varieties were combined 
into one group. Five rates of nitrogen, 0, 20, 40, 80, and 160 pounds, 
applied as 33.3% ammonium nitrate in granular form were the whole plot 
treatments. The nitrogen was placed approximately one inch below the 
seeds in each hill. Twenty-eight seeds were planted per hill. Due to 
poor seedling growth, five of the fifteen replicates in this experiment 
and the plots receiving 80 and 160 pounds of nitrogen were abandoned. 
The oat varieties Andrew, Palestine, and Putnam were discarded because 
of ground squirrel damage. 
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In 1963, a date-o£-plantlng experiment was conducted at Ames, Iowa. 
The whole plot treatments were four dates of planting; March 28, April 8, 
April 18, and May 3. The last planting date was abandoned because of 
poor seedling germination. As with the nitrogen experiment, the 27 oat 
and nine barley varieties were combined into one group (Fox was again 
omitted). Twenty-eight seeds were planted per hill, and the experiment 
was replicated 12 times. 
In all experiments, each whole plot was surrounded by two rows of 
hills of oats (except for the barley-phosphorus experiment where barley 
was used) to provide competition for plots contiguous to the borders, 
and to provide a buffer zone between treatments. All experiments were 
hoed to control weeds and were sprayed with a fungicide at weekly 
intervals from June 1 until harvest to prevent epiphytotics of foliar 
diseases. 
Collection of Data 
Oats 
Data were collected for seedling number per plot, panicle number 
per plot, average spikelet number per panicle, weight per 100 seeds, and 
grain yield in all experiments. Seedling number per plot was counted one 
week after emergence: panicle number per plot was counted prior to 
maturity: average spikelet number per panicle was estimated from counts 
made on five panicles in each plot: grain yield was the weight of the 
threshed grain per plot; weight per 100 seeds was determined upon a 100-
seed sangle from the threshed grain of each plot. 
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Barley 
Data were collected for seedling number per plot, spike number per 
plot, grain yield, and weight per 100 seeds in all experiments using the 
same procedures as In the oat experiments. In addition, number of seeds 
per spike was computed for each plot in the barley-phosphorus experiment 
by dividing the plot yield by the product of the spike number and 100-seed 
weight. In the nitrogen and date-of-plantlng experiments, average 
spikelet number per spike was determined upon five spikes in each plot. 
All data were transferred to punched cards for derandomlzation and 
the computations necessary for variance and covarlance analyses. When both 
oats and barley were grown in the same experiment, a separate analysis 
was performed for each species. Originally, each datum was transformed to 
percent of the experiment mean for the character so that means, variances, 
and covarlances of all characters would be expressed on a comparable 
basis. Later, the percentage values were transformed to logarithms to 
the base e so that the yield components would have an additive relation­
ship to yield. Letting x = the original unit of measure, the transforma­
tions are as follows: For transformation to percent of the experiment 
mean, 
where x is constant for an experiment. Then transformation to logarithms 
to the base e is 
z = In y = ln(-^) 
X 
= In X - In X . 
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So, any mean expressed on a logarithmic basis is 
z = In X - In X 
Since x is a constant for any experiment, the variance of z is 
V(z) = V(lnx - Inx) 
= V(lnx) , 
and the covariance between two characters, z and w, where 
z - Inx - Inx, and 
w = Inv - Inv , 
is 
Cov(z,w) = Gov[(Inx - Inx),(Inv - Inv)] 
= Gov(Inx, Inv) 
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BIOMSTRICAL CONSIDERATIONS 
Relationships Among Variables 
Grain yield of oats and barley is a structural unit which can be 
resolved into three components: X^, the number of panicles or spikes per 
unit area; X^, the average number of seeds per panicle or spike; and 
the average weight per seed. The product Xj^Xj^Xj = X^ is grain yield per 
unit area. In five of the six analyses performed» spikelet number 
was used as an estimate of seeds per panicle or spike. For these cases, 
the equation for yield should be 
X^ = X^SXgXg (1) 
where S is the average number of seeds per spikelet and X2 is the average 
number of spikelets per panicle or spike. 
Logarithmic transformation of (1) gives 
+ s + Xg + Xg (2) 
*m " 
s = InS 
The expected value for the logarithm of yield per unit area is then 
E(x^) » E(xi + s + Xg + Xg) , 
and the variance is 
where 
and 
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ECx^-Ex^)^ = V(x^) = V(xi + s + «2 + *3) 
= V(xi) + V(s) + V(x2) + VCxg) + 2 Cov(xj^,s) 
+ 2 CovCxj/Xg) + 2 CovCxjjX^) + 2 Gov(s,X2) 
+ 2 CovCSjX^) + 2 CovCxg.Xg) . 
For the split plot design, the following model is assumed for 
character x^: 
X(ijk)m = + r(i)m + t(j)m + n(ij)m + 8(k)m + (jk)m + e(ijk)m 
where 
i = 1,2,...,a 
j = 1,2,...,b 
k = 1,2,...,c 
and 
= effect common to all observations of x^, 
r(i)m = effect common to all observations of the i^^ replicate, 
tQ)j^ = effect common to all observations of the whole plot 
treatment, 
Tj(ij)jjj = effect common to all observations of the ijth whole plot-
replicate combination, 
g(k)ra ~ effect common to all observations of the k^^ genotype, 
(gt) = effect common to all observations of the jk^^ treatment-
genotype combination, 
®(ijk)m " ® random effect peculiar to the ijk^^ observation. 
If treatments and replicates have fixed and genotypes have random effects. 
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the variance-covariance analysis for characters and will be as 
presented in Table 3, and the variance of can be written for any source 
of variation u, except replicates and treatments, as 
°(u)4 - =^0)1 + iu)2 + iu)3 + "(«)= 
+ 2*(u)12 + 20(u)13 + 20(u)ls + 2o(u)23 + ^ ^(M)2S + 2o(u)3s 
where 
ff^u)in " variance of 3%, and 
(^(u)mn " covariance of *nd %% . 
Since the variance and covariance components are derived by equating 
the expected mean squares to the observed mean squares, the components 
may be somewhat in error, and since there are no estimates of variances 
and covarlances involving seeds per spikelets, the estimated variance of 
x^ is written as 
%)4 - %)1 + %)2 + ®(„)3 + 2f(u)12 2*(u)13 + * =(") 
where D(u) is simply 
^u)4 " '1)1 - %)2 - ^u)3 - %12 - 2%)12 - 2^(U)13 " ^ ^23 • 
the deviation of the estimated variance of X/^ from the estimated variance 
of XI + X2 + Xg. 
Alternatively, the model 
*(u)4 - bix(u)i + b2X(„)2 + ^ 3*(u)3 + ^ (u) 
could be assumed where the b's are regression coefficients and d(y) is a 
18 
Table 3. Variance-covariance analysis of a split-plot experiment involvin ; 
Source df Expected mea 
X 
m B 
Replicates 
Treatments 
Error a 
Genotypes 
G X T 
Error b 
(a-1) 
(b-1) 
(a-l)(b-l) 
(c-1) 
(b-l)(c-l) 
(a-l)b(c-l) 
2 2 ac „ ,2 
°^(w)m ^^(gt)m b-1 j (j)m 
2  , 2  
^ (e)m ^(gt)m 
(e)m 
-vini- characters x and x 
m n 
meal squares 
8 X 
Expected mean cross products 
Vn 
2 ,2 ac _ ^2 
°\w)n ^^(gt)n"'' b-1 j (j)n 
2 
^(w)n 
0(e)n+*b *(g)n 
2 ^ 2  
^(e)n ^(gt)n 
Xe)n 
ac 
^(w)mn"^^^(gt)mn"^ b-1 ^  ^ (j)m^(j)n 
^(w)mn 
°\e)mn^^^ °\g)mn 
^(e)mn^^ ^(gt)mn 
(e)mn 
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deviation due to seeds per spike. Using variance and covariance com­
ponents from the variance covariance analysis, the matrix equation 
(T^  Œ 
(u)l (u)12 (u)13 
°(u)23 
-°^(u)13 ^(u)23 °^u)3 ~ 
*(u)12 °'(u)2 
b. 
'(u)14 
(u)24 
(u) 34 —' 
can be constructed. The solution of this equation gives the partial 
regression of yield on for any source of variation, u. If X2 
equals the logarithm of the number of seeds per panicle or spike instead 
of spikelets per spike or panicle, and no sampling variation occurs in 
the estimation of the component mean squares and cross products, each 
partial regression coefficient should be identically equal to unity. 
The partial regression coefficients can be transformed into standard 
partial regression coefficients as follows: 
/X °(u)l 
'Y(u)l - ^(u)l 
^(u)2 - b(u)2 S 
(u)2 
(u)4 
A A 
^(u)3 = b (u)3 
(u)3 
(u)4 
and the relationship between x^ and x^iXg/Xg can be shown qualitatively by 
a path coefficient diagram (Figure 2). That characters Xj^,X2>X3 cause 
Figure 2. Path coefficient diagram indicating the relationships 
among yield and the yield components; xj^ « number of 
panicles or spikes per unit area; *2 number of spike-
lets or seeds per panicle or spike; xg = weight per 100 
seeds; x^ » grain yield 
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is indicated by single headed arrows, whereas the relationships among 
X^,X2,X2 are indicated by double headed arrows because any cause and 
effect system which may operate among them is unknown. 
Estimates of the correlations between any of the characters and 
regressions of x^ on any one of x^.xg.x^ are 
_ °^(u)m4 
and 
b = , 
(")m 
(u)m 
respectively. Finally, variance and covariance component estimates can 
be used to calculate heritability 
response to selection 
^m ^m^ra'^(g)m ' 
and correlated response to selection 
~ imbmf(g)mn°\g)n 
where 
ijj, = selection differential in standard units on character Xj„, and 
^(g)n ~ genotypic standard deviation of x^. 
The above methodology may introduce some interpretative difficulties 
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because characteristics of biological organisms are usually measured in 
arithmetic rather than logarithmic units. The difficulties may be 
partially resolved by remembering that the logarithmic scale maps one to 
one on the arithmetic scale which results in a one to one correspondence 
between observations taken on the two scales of measurements. Also the 
method of multiple regression is designed to deal with additive systems 
only. Application to non-additive systems may lead to erroneous results, 
and since yield is the product of its components, it seems reasonable to 
use the logarithmic transformation to obtain linearity. Also, means, 
variances, and covariances can be transformed approximately from arithmetic 
to logarithmic units and vice versa. 
Partial and standard partial regression coefficients can be mis­
leading since a partial regression coefficient is an estimate of the change 
in the dependent variable due to a change in one independent variable, 
the other independent variables being held constant. With strong corre­
lations among the independent variables, fluctuation in one will result 
in concomitant fluctuations in the others unless some external force is 
applied to hold them constant. 
Since the estimated variance and covariance components are subject 
to sampling variation, regression and correlation coefficients calculated 
among characters may not be precise. This limitation is not of serious 
consequence since a plant breeder is usually interested only in rough 
approximations. For example genetic correlations are interpreted as 
strongly positive or negative, or somewhere near zero and not on the 
basis of exact magnitude. 
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Changes in Genotypic Variance and Covariance 
With Changes in Environment 
Die following argument and development of equations parallels that 
given by Comstock and î-îoll (1963) . The definitions of effects and 
interactions for the split-plot design are given by Kempthorne (1952, 
p. 372). 
"Suppose that the plots have basic yields Xfuv' v, being 
the whole plot and split plot numbers, and that the yield of 
treatment combination (jk) on this plot Xj[uvjk is expressible as 
*iuvjk ^ *iuv ^ ^ jk (3) 
thus, as for randomized blocks, we have the identity 
*iuvjk " * + (Xi.... - X ) + (x...jk - X ) (4) 
+ <*i...jk - - %...jk + * ) + Wuvjk - Xi..jk) 
which reduces to 
*iuvjk = X... + T.. + (x^ - X...) + (Tjk - T..) 
(*iuv ~ *i..^ • (5) 
The treatment combination occurs on a randomly chosen plot, and 
we denote its actual yield by y^jj^ so that we have 
Yijk = + (Tjk - T..) + (XjLuv " Xi..) • (6) 
We may, furthermore, write 
tjk = T.. + (Tj. - T..) + (T k - T..) + (Tjk - Tj. " T .k + T..) 
= T.. + tj + Sk + (ts)j^ , (7) 
say, and noting that 
Xiuv - = (xiu. - Xi..) + <Xiuv - Xiu.) (8) 
we have on rearrangement, 
yjjk = + tj + (xiu. - Xi ) + Sk + (ts)jk + (xiuv-xiu.) • (9) 
25 
The observed yield may then be written 
fijk = ^ + ?! + Cj + lij + Sk + (ts)jk + Hjk (10) 
where 
H..  = zeJ (x.y - %!,,) 
®ijk ~ " *iu.) 
0^ = a random variable which takes the value of unity if treat­
ment j occurs on whole plot u and zero otherwise, 
and 
0^^^ = a random variable which takes the value of unity if 
uv 
treatment combination (jk) occurs on plot (uv), and zero other­
wise." 
To make (10) consistent with earlier notation it is written as 
fijk = p. + ?! + t. + + gk + (gt)jk + eijk . (11) 
The sura of squares among variety means at treatment level q is 
Y 1, y2 
L '9k _ _LSLI , (12) 
k a ac 
The expectation of (12) is 
SO the expected mean square among varieties is 
I(W " *iq.)^ + ^  f^'^qk " ^q.) ' (14) 
If 
1 2 2 
a(c^ i^^(xiqv " Xiq.) is represented by , (14) becomes 
26 
+ ZTT g(Tqk - tq.)^ 
= qOe + ^ :î 2[(Tqk - Tq. - + ?..> + (:.k " T..)]^ 
" q°^^ + 1:1 ^g('^qk - -fq. " "^.k + ? + ^ ^qk " "^q. 
• "^.k T..)(t.k - ?..) + g(T.k - T..)^]. (15) 
The cross-product term In (15) need not sum to zero when summation 
is over k alone. Rewriting (15) in terms of the parameters of (11) gives 
"*• ^  ®k 8k(st)qk + ^ (6t)qk] • (16) 
Thus the component mean square for among varieties at treatment level 
q is the sum of: (a) the variance of the genotypic effects, (b) twice 
the covariance of genotypic and genotype x treatment interaction effects 
at treatment level q, and (c) the variance of the genotype x treatment 
interaction effects at treatment level q. With the assumptions of random 
varieties and fixed treatments, the expected mean square would be + 
a _ The latter result is misleading since it implies that the variance 
among genotypes is constant across all levels of the environment. From 
(16), it is clear that the variance among genotypes fluctuates from 
environment to environment because of changes in Z g^ (gt)qk "*• ^ (8t)qk' 
By similar reasoning, the expected mean cross product among varieties 
is 
q°^(e)mn c^ '"k ^(k)m^(k)n "*• ^ 8(k)m(8t)(qk)n (1?) 
+ g g(k)n(8t)(qk)m + J (8t)(qk)m(8t)(qk)n] ' 
27 
Since this expression contains the covariance of genotypic and genotype 
X treatment interaction effects, the genotypic covariance may also change 
with changes in environment. 
To simplify the following discussion, (16) is rewritten as 
• (18) 
and (18) is rewritten as 
q°^(e)mn ^ ^  q°^(g)mn ' 
Since genotypic correlations, heritabilities, expected response to 
selection, and correlated response to selection are all functions of 
variances and/or covariances, each of these statistics may change from 
one level of environment to another. The genotypic correlation between 
characters and x^ in environment q is 
(20) 
qf(g)mn " 
The heritability of character x^, expressed on a plot basis, at the q^h 
environmental level is 
^ (g)m 9 (e)ra 
The response of character x^^ to selection in environment q is 
q®ta q^m q°'(g)ni 
® q^m q^ q'^(p)m ' 
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where 
= selection differential for x_ in standard units, and q m ui 
= phenotypic standard deviation of in environment 
The correlated response of from selection on is 
q^^ ~ qb(g)mnqRm 
where 
b/ , = . 
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RESULTS AND DISCUSSION 
Analyses of Variance 
For oats, there were significant differences among variety means for 
all characters: for barley there were significant differences among 
variety means for all characters (Table 4) with the exception of spikelet 
number in the date of planting experiment. The environmental treatments 
induced significant responses in all characters except for weight per 100 
seeds of barley in the nitrogen experiment and spikelet number per spike 
of barley in the date-of-planting experiment. 
Significant variety x treatment interaction implies that varieties 
exhibited differential responses to the environmental treatments. The 
oat varieties gave differential response to phosphorus and planting dates 
for yield and each yield component, and to nitrogen for panicle number 
per plot and yield. The barley varieties produced differential response 
to phosphorus for spikes per plot and seeds per spike, to nitrogen for 
spikes per plot, and to planting dates for weight per 100 seeds. 
The varietal responses of yield and the yield components of both 
oats and barley are presented graphically in Figures 14 to 41 in 
Appendices A - F. 
In general, the oat and barley varieties showed wide genetic 
differences for yield and each component. In laost cases, varying the 
levels of the environmental factors, nitrogen, phosphorus, and planting 
date, caused responses in yield and the yield components of the oat and 
barley varieties. 
In five of the six experiments spikelet number per panicle or spike 
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Table 4. Analyses of variance for phosphorus, nitrogen, and planting date expe: 
Experiment Source of 
variation df Oats 
X, Xr Xr 
Phosphorus Replicates 19 
Phosphorus 3 1.9376** 4.5620** 0.0831** 
Error a 57 0.0141 0.0653 0.0091 
Varieties 23 0.9832** 4.2798** 1.5997** 
P X V 69 0.0484** 0.0457** 0.0046** 
Error b 1748 0.0107 0.0191 0.0026 
Nitrogen Replicates 9 
Nitrogen 2 7.6864** 0.2050* 0.3563** 
Error a 18 0.0454 0.0535 0.0364 
Varieties 23 0.4830** 2.1091* 0.4690** 
N X V 46 0.0473** 0.0203 0.0079 
Error b 621 0.0182 0.0208 0.0066 
Date of Replicates 11 
planting Planting dates 2 0.2825** 0.7988* 0.1901** 
Error a 22 0.0259 0.1944 0.0254 
Varieties 26 0.8566** 1.8603** 0.7452** 
Pd X V 52 0.0310* 0.0937** 0.0127** 
Error b 858 0.0222 0.0476 0.0056 
Significant at the .05 level. 
^^Significant at the .01 level. 
^x^ = no. of panicles or spikes per plot. 
Xg = average no. of spikelets or seeds per panicle or spike, 
x^ = weight per 100 seeds. 
x^ = grain yield. 
te experiments 
Mean S( a guares 
df Barley 
*4 =1 *2 -3 =4 
19 
31** 24.3700** 3 5.8311** 1.7476** 0.2051** 17.3192** 
•91 0.0979 57 0.0688 0.0624 0.0045 0.1825 
97** 1.6624** 9 3.2299** 10.5488** 0.8741** 1.7193** 
46** 0.0439** 27 0.0665** 0.0602** 0.0038 0.0409 
26 0.0293 684 0.0273 0.0167 0.0028 0.0363 
63** 8.6308* 
9 
2 2.5357** 0.2693** 0.0572 3.3279** 
64 0.1687 18 0.0582 0.0179 0.0165 0.0795 
90** 0.4849** 8 2.1111** 0.3302** 0.2243** 0.4822** 
79 0.0557* 16 0.0557* 0.0085 0.0075 0.0683 
66 0.0367 216 0.0334 0.0093 0.0073 0.0476 
11 
01** 1.5850** 2 0.4188* 0.9925 0.2892** 2.0951** 
54 0.0471 22 0.1080 0.5038 0.0151 0.1273 
52** 1.3446** 8 5.8515** 0.1227 0.4148** 2.8820** 
27** 0.0593** 16 0.0506 0.0399 0.0158** 0.0642 
56 0.0349 264 0.0439 0.0624 0.0062 0.1081 
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was used as an estimate of the number of seeds per panicle or spike; 
thus in these experiments variation in the yield components, panicles or 
spikes per unit area, spikelets per panicle or spike, and weight per 
100 seeds, do not completely determine variation in yield unless the number 
of seeds per spikelet is constant, and/or there is no sampling variation 
in spikelet number (spikelet numbers were counted on 5 panicles or 
spikes per plot). If variation in the yield components completely 
determined the variation in yield, the variance of yield should equal the 
variance of the sum of the yield components for any source of variation. 
The variance of yield is obtained directly from the variance component 
estimates and the variance of the sum of the purported yield components 
is obtained by adding the sum of the variance components of Xj^,X2,X3 to 
twice the sum of the covariance components among Xj^,X2,X2> Variance and 
covariance component estimates for yield and the yield components are 
presented in Table 5. In all experiments, except the barley-phosphorus 
experiment, where seeds per spike was estimated by dividing grain yield 
per plot by the product of spikes per plot times weight per seed, the 
variance of Xj^ + X2 + Xg deviates markedly from yield in one or more 
source of variation (Table 6). It appears that either spikelet counts 
were made on too few panicles or spikes, or that variation in number of 
seeds per spikelet was present. It is not surprising that the variance 
of yield deviated from the variance of xj^ + X2 + x^ for the bar ley-nitrogen 
and barley-planting date experiments since two-row and six-row barley 
varieties possess one and three seeds per spikelet, respectively. Of 
course, part of the discrepancy in the variances may have been caused by 
errors in the variance and covariance component estimates themselves, but 
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Table 5. Variance and covariance component estimates for yield and the yield component 
Source of variation Variable 
Oats-phosphorus^ 
=1 %2 =3 *4 *1 
14110 -1537 3403 8426 45383 
Error a 
X 
x„ 65296 490 46893 
x„ 9082 6012 
4 97864 
12190 -5432 -6946 -8486 15493 
Varieties 
1 
^2 
53259 -22844 1926 
X 19964 7937 
4 
20415 
1886 -1276 -275 65 2910 
Varieties 1 
^2 
1329 317 246 
X X 102 78 
Treatment 
4 
734 
^1 
10661 -886 -670 6734 18181 
Error b 19145 -878 8079 
x„ 2593 2 
X, 29279 
^All values in table have been multiplied by 10^. 
components of oats and barley 
Experiment 
Oats-nitrogen Oats-planting date 
%1 *2 %3 =4 %1 *2 =3 ^4 
45383 26919 
53545 
19187 
4273 
36368 
62672 
71114 
32422 
168741 
25852 -3869 
199373 
-10926 
-6099 
25375 
7055 
3152 
-8079 
47110 
15493 -17126 
69612 
-716 
-23697 
15415 
-608 
1403 
1405 
14942 
23177 -21494 
50355 
1060 
-22116 
20546 
4479 
-22724 
16841 
36381 
2910 -405 -41 
229 
130 
1863 
-191 
304 
1899 
736 109 
3839 
154 
-111 
596 
441 
2287 
172 
2039 
18181 -737 
20772 
-1687 
-951 
6581 
15510 
6546 
-1166 
36667 
22209 -2492 
47597 
-420 
7 
5592 
17193 
2004 
18 
34866 
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Table 5. (Continued) 
Source of variation Variable 
Barley-phosphorus 
=1 
*2 ^3 ^4 
^1 68794 23945 -90 92287 
Error a 62406 852 85920 
z 
x„ 4545 5424 
^4 
182532 
40032 -60160 16874 -3535 
Varieties 1 x„ 131651 -37515 34372 L 
x„ 10892 -9840 
^4 
21037 
Xi 1961 -1818 64 239 
Varieties 1 
^2 
2175 -237 69 
X x„ 53 -114 
Treatment 
*4 
230 
Xi 27310 -3100 226 24365 
Error b 
^2 
16741 -1868 11345 
x„ 2752 1296 
^4 
36344 
Experiment 
Barley-nitrogen Barley planting date 
%1 
58191 
69258 
2432 
33360 
2495 
17889 
-11134 
10697 
-412 
•1416 
9300 
1279 
-2050 
16461 
16521 
410 
7233 
-546 
284 
19 
-1318 
820 
7266 
*4 
50179 
10431 
8283 
79513 
-18186 
474 
-9188 
13356 
1822 
290 
-39 
2071 
25300 
3698 
1665 
47564 
%1 
108028 
X, 
561 
43863 
71935 
503751 
161324 -16029 
1675 
-358. 
2577 
62365 
-11896 
6688 
15119 
36419 
-3172 
11352 
-601 
-83 
805 
-297 
433 
6186 
*4 
66628 
59673 
11940 
127264 
104588 
=13621 
20117 
77054 
-3080 
-1199 
619 
47001 
402 
6300 
108128 
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Table 6. Estimated variances of yield and sum of yield components (logarithmic dat 
Source of variation 
Oats -phosphorus^ Oa ts-nitrogen Oats-p lanting dat 
A 
VXX4) 
A 
V(x^+x2+xg) 
<
 >
 
A 
V(x^+x2+x2 
Error a 97864 93200 168741 236064 47110 208812 
Varieties 20415 14969 14942 17442 36381 8978 
Varieties x Treatments 734 849 1899 2606 2039 5475 
Error b 29279 27531 36667 38784 34866 69588 
*7^x4) = %4 . 
V(x^+x2+x^) = 0^ + o'2 + #2 + 29^2 + ^ ^13 ^^23 ' 
Since number of seeds per spike was estimated by = x^-x^-x^ for each plot 
for each source of variation. The discrepancy between the two quantities was 
:ithtnic data x 10^) 
.anting date Barley' -phosphorus^ Barli sy-nitrogen Barley-planting date 
A 
V(x^+x2+x2) 
A 
VCxj^+x^+x^) 
<
 >
 
A 
V(x^+x2+x2) 
<
 >
 
A 
VfX^+Xg+X^) 
208812 182532 185159 79513 95989 127264 760352 
8978 21037 20973 13356 98782 77054 208787 
5475 230 207 2071 1103 - -
69588 36344 37319 47564 46098 108128 117840 
/S A 
each plot in the barley phosphorus experiment, V(x^) should equal Vfx^+xg+xg) 
itities was caused by computer error. 
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the barley-phosphorus experiment results indicate that these errors were 
not serious. Although spikelets per panicle or spike is not a primary 
yield component it will be referred to as such for convenience» 
The values for simple and multiple regression of yield on the 
yield components also indicate, except for the barley-phosphorus experi­
ment, that XI,X2, and Xg remove only part of the variation in yield 
(Table 7). The error a regressions are concerned with variation among 
whole plotsi varieties regressions with genotypic variation, varieties 
X treatments regressions with treatment response differences among geno­
types, and error b regressions with plot to plot variation. The yield 
components appear to have caused little genotypic variation in yield in 
the oat-nitrogen experiment. This may have resulted from extreme plot 
to plot variation in seed germination since panicle number appears to 
cause a large portion of the variation in yield for the error b source 
of variation. 
Although tests of significance cannot be made, inspection of the 
R values indicates which component(s) was(were) instrumental in causing 
variation in yield (Table 8). Panicles or spikes per unit area appear 
to be important in causing block to block and plot to plot variation 
while panicle or spike number and weight per 100 seeds cause a good deal 
of the genotypic variation in yield. Weight per 100 seeds does not 
appear to be an important cause in the treatment response variation among 
genotypes. It should be noted that the R^'s are not exact since R^(xj^) 
+ R^(x2) should be greater than or equal to R^(xj^,x2) (where the symbol(s) 
in parentheses indicate(s) the variable(s) fitted). This does not always 
occur; e.g., error a in the oat phosphorus experiment. The deviation is 
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Table 7. Regression of yield on the yield components of oats and barley using varian 
Source of Variable(s) 
variation fitted Oats-phosphorus Oats-n 
b. bo b„ R2 b. bo 
1 2 3 1 2 
0.60 0.051 1.38 
0.72 0.344 1.33 
Error a Xg 0.66 0.041 
X, ,X„ 0.68 0.73 0.410 0.85 0.90 
0.48 0.48 0.071 1.29 
^2'^3 
0.71 0.62 0.380 1.27 
*1'*2'*3 
0.58 0.73 0.41 0.424 0.60 0.99 
X. -0.70 0.290 -0.04 
1 
x„ 0.04 0.003 0.02 
Varieties 
6 
X3 0.40 0.155 
-0.71 -0.04 0.294 -0.02 0.01 
-0.59 0.19 0.319 -0.04 
1 J 
0.41 0.86 0.373 0.11 
^l'^2'^3 
-0.09 0.36 0.78 0.375 0.26 0.25 
^1 
0.03 0.003 0.64 
x„ 0.18 0.062 
Varieties X3 0.76 0.081 
X Xl.Xz 0.44 0.61 0.243 
Treatment 0.24 
0.01 
1.41 0.171 
*2'*3 
0.43 
0.73 0.081 
0.53 0.29 0.246 
— -
^1 
0.63 0.145 0.85 
*2 
0.42 0.116 0.32 
=3 0.00 0.000 
Error a 
^l'^2 
0.67 0.45 0.279 0.87 0.35 
^1 ' ^3 
0.64 0.17 0.148 0.86 
^2 ' ^3 
0.43 0.15 0.118 0.3] 
^1'^2'^3 
0.69 0.47 0.34 0.289 0.88 0.35 
Regression was not calculated when yield or yield component variance was not si 
; variance-covariance component estimates 
Experiment 
Oats-nitrogen Oats-planting date 
2 2 
^2 ^3 
R 
h ^2 ^3 
R 
0.513 0.27 0.041 
1.33 0.560 0.02 0.001 
0.89 0.171 -0.32 0.055 
0,90 0.695 0.28 0.02 0.043 
0.21 0.520 0.17 -0.25 0.067 
1.27 0.74 0.677 0.01 -0.32 0.055 
0.99 0.46 0.728 0.17 0.01 -0.24 0.068 
0.002 0.19 0.024 
0.02 0.002 -0.45 0.282 
0.09 0.009 0.82 0.379 
0.01 0.002 -0.37 -0.61 0.335 
0.09 0.010 0.16 0.81 0.395 
0.11 0.26 0.034 -0.17 0.63 0.401 
0.25 0.49 0.059 0.01 -0.16 0.64 0.401 
0.628 0.60 0.130 
_a 0.60 0.668 
0.29 0.024 
0.51 0.58 0.763 
0.57 0.14 0.135 
0.61 0.40 0.716 
— 
— — 
0.45 0.59 0.28 0.785 
0.361 0.77 0.382 
0.32 0.056 0.04 0.002 
-0.18 0.006 0.00 0.000 
0.35 0,429 0.78 0.08 0.391 
0.04 0.361 0.78 0.06 0.382 
0.31 -0.13 0.059 0.04 0.00 0.002 
0.35 0.10 0.430 0.78 0.08 0.06 0.392 
3 not significantly different from zero at the 0.05 level. 
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Table 7. (Continued) 
Source of 
variation 
Variable(s) 
fitted Barley-phosphorus 
Error a 
Varieties 
Varieties 
X 
Treatment 
Error a 
^1 
^2 
^3 
^1 '^2 
^1 3X3 
*2 5X3 
^1 5^2 
^1 
^2 
*3 
^1 f ^ 2 
^1 5^3 
^2 ,X3 
^1 ) ^2 ,x. 
*2 
*3 
^l'^2 
Xl ,Xg 
Xg.Xg 
*1'*2'*3 
x. 
*3 
1^,^ 2 
X, ,x_ 
*2'*3 
*1'*2'*3 
ti ^2 ^3 
RZ 
h ^2 
1.34 0.68 0.86 
1.38 0.65 0.58 
1.19 0.04 
1.00 0.99 0.971 0.84 0.47 
1.34 1.22 0.715 0.85 
1.36 0.94 0.670 0.65 
1.00 0.98 1.03 0.998 0.83 0.53 
-0.09 0.015 -0.26 
0.26 0.427 0.04 
-0.90 0.423 
0.97 0.70 0.988 -0.31 -0.28 
0.84 - -2.21 0.892 0.09 
0.20 -0.22 0.427 0.09 
0.99 1.03 1.10 0.999 0,22 0.34 
0.89 
— 
— 
0.598 0.76 
— 
0.68 0.212 0.40 
0.47 0.017 
0.99 0.86 0.932 0.78 0.52 
0.89 0.40 0.610 0.77 
0.79 1.01 0.283 0.38 
0.99 1.05 0.98 1.010 0.79 0.49 
^For the barley-phosphorus experiment, R^'b^^bg/b^ should each equal 1.00 when x^, 
X2= x^-x^-xg which forces V(x^) to equal Vfx^+Xg+Xg). Deviations from values of 1.00 a 
Experiment 
Barley nitrogen Barley-planting date 
2 2 
b„ b„ R b_ b. R 
2 3 1 2 3 
0.544 0.62 0.323 
0.58 0.076 0.12 0.056 
0.50 0.052 0.79 0.074 
0,47 0.593 0,59 0.03 0.327 
0.44 0.584 0.77 1.40 0.534 
0.65 0.58 0.146 0.11 0.74 0.121 
0.53 0.50 0.644 0.78 -0.01 1.41 0.535 
0.358 -5.49 0.203 
0.04 0.002 
-1.27 0.874 0.77 0.006 
-0.28 0.408 
-1.47 0.892 -23.33 -16.65 0.738 
0.09 -1.28 0.881 
0.34 -1.79 0.945 
— 
— — 
— 
— 
0.403 1.07 
— 
— 
0.466 
0.40 0.031 0.01 0.000 
0.23 0.008 1.02 0.059 
0.52 0.455 1.07 -0.04 0.467 
0.37 0.424 1.08 1.07 0,531 
0.38 0.19 0.036 0.00 1.02 0.059 
0.49 0.32 0.470 1.08 -0.05 1.07 0.532 
00 when X^,X2,X2 are fitted because seeds per spike was estimated by 
s of 1.00 are due to computer error. 
Table 8. Yield component(s) accounting for most variation in yield 
Experiment 
Source 
of variation 
Oats-
phosphorus 
Oats-
nitrogen 
Oats-
planting date 
Barley-
phosphorus 
Barley-
nitrogen 
Barley-
planting date 
Error a =2 *1 '*2 *1»*3 *1»*2 =1 
Varieties xi,X3 *3 *2'*3 *1 Xi,X3 *1'*3 
Varieties x 
treatment Xl,X2 *1 *1'*2 - - - - - -
Error b 
*1 '*2 *1 =1 %1 =1 *1 
w 
00 
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usually not great, however, and probably results from errors in the 
variance components or rounding errors. All values were carried to the 
sixth decimal place in computation. 
Panicles or spikes per unit area and spikelets or seeds per spike 
or panicle were usually most highly correlated with yield with regard to 
the error sources of variation (Table 9), but, genotypically, weight per 
100 seeds and spikelets or seeds per panicle or spike were more highly 
correlated with yield than were panicle or spike number. Panicle and 
spike number in the oat and barley nitrogen experiments, spikelet number 
in the oat-planting date experiment, and weight per 100 seeds in the oat 
and barley-phosphorus experiments were most highly correlated with yield 
with regard to genotype x treatment interactions. Among the yield com­
ponents, genotypic correlations were usually larger than error correla­
tions . 
Many of the variety x treatment interactions for yield and its 
components were significant, but, in general, there were no radical 
response differences among varieties, and the interactions were greatly 
overshadowed by the average genetic differences among varieties. 
Mere existence of significant genotype x environment interaction 
gives little indication of its importance in altering the phenotypic 
expression of a set of varieties grown over a set of environments. Of 
major importance to the plant breeder is the relative magnitude of the 
interaction variances compared to the genotypic and environmental variances. 
Ratios of the genotype x environment variances to the environmental 
and genotypic variances were calculated by the following formulas: 
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Table 9. Genotypic, genotype X treatment; error a, and error b correlations among yield 
Source of 
variation 
Variable 
Oats-phosphorus Oats-nitr 
^1 ^2 =3 *4 Xi Xg 
^1 
1.00 -0.05 0.30 0.23 1.00 0.55 
Error a 1.00 0.02 0.59 1.00 
^3 
1.00 0.20 
^4 
1.00 
^1 
1.00 -0.21 -0.45 -0.54 1.00 -0.52 
Varieties 
^2 
1.00 -0.70 0.06 1.00 
^3 
1.00 0.39 
^4 
1.00 
*1 
1.00 -0.80 -0.63 0.06 1.00 
Varieties 
*2 
1.00 0.86 0.25 -
X 
*3 
1.00 0.28 
Treatments 
*4 
1.00 
^1 
1.00 -0.06 -0.13 0.38 1.00 -0.04 
Error b 
^2 
1.00 -0.12 0.34 1.00 
*3 
1.00 0.00 
^4 
1.00 
among yield and the yield components of oats and barley 
Experiment 
Oats-nitrogen Oats-planting d£te 
X3 =4 *1 *2 *3 *4 
0.55 0.47 0.72 1.00 -0.05 -0.43 0.20 
1.00 0.10 0.75 1.00 -0.09 0.03 
1.00 0.41 1.00 -0.23 
1.00 1.00 
-0.52 -0.05 -0.04 1.00 -0.63 0.05 0.15 
1.00 -0.72 0.04 1.00 -0.69 -0.53 
1.00 0.09 1.00 0.62 
1.00 1.00 
-0.07 0.79 1.00 0.06 0.23 0.36 
1.00 -0.07 0.82 
1.00 0.61 1.00 0.16 
1.00 1.00 
-0.04 -0.15 0.60 1.00 -0.08 -0.04 0.62 
1.00 -0.08 0.24 1.00 0.00 0.05 
1.00 -0.08 1.00 0.00 
1.00 1.00 
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Table 9, (Continued) 
Source of Variable 
variation Barley-phosphorus Barley 
*1 *2 *3 =4 =1 *2 
1.00 0.37 -0.01 0.82 1.00 0.08 
Error a x 1.00 0.05 0.81 1.00 
X3 1.00 0.19 
1.00 
1.00 -0.83 0.81 -0.12 1.00 -0.41 
Varieties x» 1.00 -0.99 0.55 1.00 
1.00 -0.65 
X, 1.00 
x^ 1.00 -0.88 0.20 0.36 1.00 
Varieties x_ 1.00 -0.70 0.10 
X x^ 1.00 -1.04 
Treatments x^ 1.00 
1.00 -0.14 0.03 0.77 1.00 -0.08 
Error b x_ 1.00 -0.28 0.46 1.00 
Xg 1.00 0.13 
1.00 
Experiment 
Barley-nitrogen Barley-planting date 
0.08 
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•0 .12 
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"1 
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X4 
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0.27 
1.00 
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0.05 
1.00 
•0.60 
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1.00 
1.00 •0.98 
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1.00 
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0.68 
1.00 
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1.00 
0.81 
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1.00 
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1.00 
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0.18 
0.09 
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1.00 
•0.02 
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1.00 
0.68 
0.00 
0.24 
1.00  
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and 
it)m 
a2 , 
(g)m 
respectively. 
For interpretation, it is assumed that the environmental variance 
measures the mean response of all genotypes to an environmental variable, 
whereas the genotype x environment variance measures the variation among 
genotypic departures from mean response. The ratio of the genotype x 
environment interaction variance to the environmental variance indicates 
the importance of departures from mean response to mean response of 
all genotypes to fluctuations in the environmental variable. Also, the 
ratio of the genotype x environment interaction variance to the genotypic 
variance indicates the importance of deviations from the mean response to 
mean differences among genotypes. 
The only case where genotype x environment interaction for yield 
was important relative to the environmental variance was for oats in the 
date-of-planting experiment (Table 10). Also, the genotype x environment 
variances for the yield components in this experiment were large relative 
to the planting date variance. None of the components deviated from mean 
response to nitrogen in the oat-barley-nitrogen experiment. In the 
phosphorus experiments oat panicle number and barley seed weight showed 
sizeable relative genotype x environment variances. 
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Table 10. Ratios of the genotype x environment variances to the environ­
ment variances 
Environmental Vari ance ratios for characters 
treatment Crop *2 X3 =4 
Phosphorus Oats 0.48 0.14 0.07 0.01 
Barley 0.07 0.26 0.50 0.00 
Nitrogen Oats 0.09 0.00 0.09 0.05 
Barley 0.01 0.00 0.04 0.06 
Planting date Oats 0.88 2.11 1.20 0.42 
Barley 0.21 0.00 0.32 0.00 
In general, deviations of the oat genotypes from mean response for 
any of the characters studied appear to be of minor importance when com­
pared to mean response to phosphorus and nitrogen. Thus, nitrogen and 
phosphorus appear to have physiological roles which are common to all 
varieties with respect to the development of yield and the yield com­
ponents. One exception may be that phosphorus is more stimulatory in 
tiller production in some oat varieties than in others. Since changing 
planting dates probably invokes fluctuations in many environmental 
factors, a wide array of deviations from common response would be expected 
for this environmental classification. That oat varieties display a large 
genotype x date-of-planting variance relative to the date-of-planting 
variance, whereas the barley varieties do not, may be due simply to the 
fact that the barley varieties comprise a more genetically homogeneous 
population than do the oat varieties. 
Ratios of the genotype x environment interaction variances to the 
genotypic variances (Table 11) were small for all characters of oats 
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Table 11. Ratios of the genotype x environmental variances to the 
genotypic variances 
Environmental Variance ratios for characters 
treatment Crop %1 "2 =3 %4 
Phosphorus Oats 0.15 0.02 0.01 0.04 
Barley 0.05 0.02 0.00 0.01 
Nitrogen Oats 0.19 0.00 0.01 0.13 
Barley 0.04 0.00 0.00 0.16 
Planting date Oats 0.03 0.08 0.03 0.06 
Barley 0.00 0.00 0.07 0.00 
and barley. Obviously, for the arrays of oat and barley varieties 
studied, genotype x environment interaction was of little importance 
compared to the overall genotypic variation; so the varieties should have 
maintained nearly the same relative performance across levels of any one 
of the environmental variables, phosphorus, nitrogen, or planting date. 
Even though many of the genotype x environment interaction variances 
were significant (Table 4), these differential responses were over­
shadowed by large genotypic differences. Consequently, varieties which 
performed well, relative to all varieties, at one level of an environ­
mental variable, should perform relatively well at other levels of the 
environmental variable. 
It should be noted that the genotypic variance of a group of elite 
lines would be smaller than the variance of the lines used herein. If 
the genotype x environment interaction variance were similar for both 
groups, genotype x environment interaction would be relatively more 
important when evaluating the elite lines. 
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Response of Yield and Its Components to the 
Environmental Variables 
Phosphorus and nitrogen increased grain yields of oats and barley, 
but delayed planting decreased yields of both species (Table 12). Yield 
response to nitrogen and planting date was linear for both speciss, where­
as for phosphorus the yield response was curvilinear (Figure 3). Of 
course, with a wider range of nitrogen levels or planting dates, the 
response to these variables may have been curvilinear also. 
Table 12. Linear response of yield and the yield components to phosphorus, 
nitrogen, and planting date. Logarithmic data 
Environmental Response 
treatment Crop 
•^1 *2 X3 *4 
Phosphorus Oats 0 .14 0.20 0.03 0.47 
Barley 0 .34 0.14 0.07 0.59 
Nitrogen Oats 0 .18 0.03 -0.04 0.19 
Barley 0 .16 0.05 -0.02 0.19 
Planting date Oats -0 .03 -0.04 -0.03 -0.07 
Barley -0 .06 -0.07 -0.05 -0.14 
The yield components of both species responded differentially to 
the environmental variables. Phosphorus induced the greatest response 
in spikelets per panicle for oats and spikes per plot for barley while 
nitrogen caused the greatest response in panicle number of oats and spike 
number of barley. Nitrogen decreased weight per 100 seeds and delayed 
planting decreased all yield components of oats and barley. 
Figure 3. Mean response in logarithms of oat and barley varieties 
to nitrogen, phosphorus, and planting date. Oat yield 
response is given by the solid lines, barley yield response 
by the broken lines 
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The differential response of yield components to phosphorus and 
nitrogen may be a reflection of the roles that these elements play in the 
growth and development of oats and barley. The synthesis of plant tissue 
has two phases: (a) through photosynthesis, the sun's energy is captured 
in simple organic compounds; (b) the simple conq>ounds are built into com­
plex ones of high energy content at the expense of part of the energy 
gained in the photosynthetic reaction. Phosphorus is important to both 
phases. In photosynthesis, carbon dioxide reacts with a five-carbon 
sugar, which contains two phosphate groups, to give two molecules of 
phosphoglyceric acid. As a metabolite, phosphorus is an energy carrier, 
i.e., phosphates in organic linkages may be hydrolyzed with a resultant 
high yield of energy. The high energy phosphorus carrier is adenosine 
triphosphate. Via enzymatic pathways, high energy phosphate is trans­
ferred from adenosine triphosphate to another compound, e.g., glucose, 
without energy dissipation in transit, and the recipient compound becomes 
more reactive. For example, the energy transforming glucose into starch 
results from the transfer of a high-energy phosphate group to each glu­
cose molecule. So, phosphorus is highly important to rapid synthesis of 
plant tissue. 
Most fertilizer phosphorus is absorbed by small grain plants within 
thirty days after planting and rapidly converted to an organic form. Since 
oats and barley have a determinant growth habit, the stages of development 
do not overlap. The number of panicle bearing tillers per plot is mani­
fested within two weeks after seedling emergence; spikelet number per 
panicle or spike between 21 and 40 days after emergence; seed weight is 
determined after anthesis (60 to 90 days after seedling emergence). 
49 
Since the uptake of phosphorus and panicle and spikelet differentiation 
occur simultaneously, and since both panicles and spikelets are composed 
of vegetative tissue, it seems reasonable that panicle and spikelet number 
would respond to phosphorus. However, weight per 100 seeds, which is 
largely a function of carbohydrate storage, would have little reason to 
respond to phosphorus fertilization. 
M»st of the organic nitrogen in plants is found in proteins, which 
are the primary organic constituents of protoplasm. Proteins function 
as enzymes and nucleoproteins; hence, they serve as both catalysts and 
directors of metabolism. Nitrogen is also a component of chlorophyll 
pigments and adenosine triphosphate. As with phosphorus, nitrogen is 
an important element in rapidly developing vegetative tissue, which may 
explain, in part, the relatively large response of panicle and spike number 
to nitrogen fertilization. 
The decrease in 100-seed weight with increasing nitrogen may have 
two causes: (a) the carbon-nitrogen ratio may vary with levels of 
nitrogen fertilization. With an abundant nitrogen supply, the carbo­
hydrate would be utilized for production of vegetative tissue, but with 
nitrogen supply inadequate to keep pace with photosynthesis, carbohydrates 
would accumulate; the result would be light seeds with abundant nitrogen 
and heavy seeds with nitrogen deficiency, (b) The answer may be mechanical. 
If large numbers of panicles and spikelets are produced, there may not 
be enough photosynthate to fill all seeds to capacity. 
The decrease in all yield components from delayed plantings probably 
indicates loss of efficient substrate utilization. The major efficiency 
loss is due to greater temperature and water stress at later planting 
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dates. Since March 28 is a normal planting date for oats and barley, 
which are cool weather crops, the growing period temperatures for this 
planting date are probably near optimum for the utilization of substrate. 
Later plantings would encounter higher average temperatures, with a 
resultant decrease in the rate of substrate utilization. Water stress 
could also be greater at later planting dates due to an increased 
transpiration rate. Van der Paauw (1949) concluded that drought during 
oat panicle emergence was more detrimental than at other plant growth 
stages. 
Most likely, the explanations of yield component response to varying 
levels of the environmental variables are oversimplified. However, the 
results herein afford the opportunity for only gross speculations of the 
physiological phenomena involved. 
Changes in Relationship Among Yield and the Yield Components 
Due to Genotype x Environment Interaction 
Simple genotypic correlations of yield with each of its components 
were calculated from variance and covariance components conq)uted for 
each environmental level (Table 13). For oats, the genotypic correlations 
between yield and panicle number were negative at all levels of phosphorus 
fertilization: however, they decreased in absolute magnitude when phos­
phorus was applied. Yield with spikelet number correlations were near 
zero for all levels of phosphorus, but there was a shift from negative to 
positive signs. The correlations of yield with weight per 100 seeds 
were positive but decreased with phosphorus application. 
With the check (0 phosphorus), high oat grain yield was correlated 
Table 13. Genotypic correlations between yield and the yield components 
Correlation coefficient /S I II ^ 
r IT r 
Environmental Treatment *1*4 *2*4 *3*4 
variable level Oats Barley Oats Barley Oats Barley 
Phosphorus 0 -0 .63 -0 .05 -0 .25 0, .77 0. .55 -0. 71 
20 -0 .47 -0 .19 0 .04 0. 63 0. .21 -0. ,62 
40 -0 .53 -0 .10 0 .27 0, .58 0. 30 -0. 62 
80 -0 .45 -0 .13 0 .15 0, .62 0, .36 -0. 66 
Nitrogen 0 0 .00 -0 .69 0 .00 -0 .07 0 .13 -0, .79 
20 0 .01 -0 .75 0 .06 0 .06 0 .02 -1 .01 
40 0 .10 -0 .27 0 .04 0 .16 0 .07 -0 .91 
Planting date March 28 0 .09 0 .88 -0 .37 -1 .07 0 .62 0 .69 
April 8 0 .15 0 .90 -0 .57 - •  0 .64 0 .60 
April 18 0 .25 0 .95 -0 .53 -1 .18 0 .57 0 .77 
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with low panicle and spikelet numbers and high weight per seed. However, 
with phosphorus fertilization, high yield was less closely associated 
with any yield component. 
Correlations between yield and the yield components of oats were 
near zero at all three levels of nitrogen fertilization indicating that 
no particular configuration of the yield components was associated with 
high yielding varieties. 
Large seeds, small panicles, and high yield were associated at all 
planting dates: the association between panicle number and yield was 
low at all planting dates. The associations between panicle number 
and size and yield became stronger as the planting date was delayed. 
In the barley-phosphorus experiment, high grain yields were 
associated with high numbers of seeds per spike and low weight per seed 
at all levels of application. The correlations among these characters 
were slightly stronger in the check than where phosphorus was applied. 
There were strong negative correlations between grain yield and 
spike number and seed weight at all levels of nitrogen: high yield was 
not associated with either high or low spikelet numbers. Changes in the 
correlations between yield and the yield components from one nitrogen 
level to another were slight and of little consequence. 
At all planting dates, these were strong positive correlations 
between barley yield and spike number and strong negative correlations 
between spikelet number per spike and yield. The associations between 
seed weight and yield were strongly positive. 
Hie correlation coefficients varied more among than within experi­
ments indicating that genotype x location and genotype x year interactions 
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were rather large and that high yield was due to different yield component 
configurations in each experiment. Species differences in the correlations 
within experiments indicate that high oat and barley yields are caused by 
different yield components. 
Since yield is a product of the yield components, selection for 
yield is impossible without selection for the yield components. Negative 
correlations among the yield components will limit selection for yield, 
but, if correlations fluctuate with environment changes, the environment 
in which negative correlations are lowest, should be best for advancing 
yield by selection. Theoretically the lower negative correlations should 
occur at high fertility levels and early planting dates, since, in these 
environments there might be little between-character competition for 
substrate. 
Genotypic correlations among the yield components are presented on 
the path coefficient diagrams in Figures 4 through 9. In the oat-phos-
phorus experiment, the correlations among the yield components were 
negative at all phosphorus levels (Figure 4). For panicle number and 
spikelet number, the negative correlations were small, but they were 
larger where phosphorus was applied than in the check plots. The corre­
lations between panicle number and weight per 100 seeds were variable, but 
they showed no trend with increasing phosphorus application. The associa­
tion between spikelet number per panicle and weight per 100 seeds was 
strongly negative, but the correlation decreased in absolute magnitude 
with increasing phosphorus. 
In the barley-phosphorus experiment, the associations among the 
yield components were high at all fertilization levels (Figure 5). 
Figure 4. Genotypic relationships among yield and the yield 
components of oats at four phosphorus levels 
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Figure 5. Genotypic relationships among yield and the yield 
components of barley at four phosphorus levels 
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Figure 6. Genotypic relationships among yield and the yield 
components of oats at three nitrogen levels 
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Figure 7. Genotyplc relationships among yield and the yield 
components of barley at three levels of nitrogen 
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Figure 8. Genotypic relationships among yield and the yield 
components of oats at three planting dates 
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Figure 9. Genotypic relationships among yield and the yield 
components of barley at three planting dates 
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Spike number and number of seeds per spike were negatively correlated 
and the relationship strengthened with increasing levels of phosphorus. 
The positive association between spike number and weight per 100 seeds 
also strengthened with increasing levels of phosphorus. The correlations 
between seed number and weight per 100 seeds were nearly -1.0 at each 
phosphorus level. 
Panicle and spikelet numbers were negatively correlated in the oat-
nitrogen experiment and the correlation decreased as the nitrogen level 
was increased (Figure 6). Spikelet number and weight per 100 seeds also 
were negatively correlated and the correlation decreased with increasing 
nitrogen. Weight per 100 seeds and panicle number were uncorrelated. 
Barley spike and spikelet number were negatively correlated in the 
nitrogen experiment, and the correlations increased as additional incre­
ments of nitrogen were applied: thus varieties with genetic potential 
for small spikelet numbers produced more spikes when nitrogen was applied 
than did varieties with genetic potential for large spikelet numbers 
(Figure 7). Spike number and weight per 100 seeds were positively 
correlated and the correlation decreased with increasing nitrogen. 
Spikelet number and weight per 100 seeds were virtually uncorrelated. 
In the oat date of planting experiment, panicle and spikelet number 
and spikelet number and weight per 100 seeds were negatively correlated 
at all three planting dates, whereas spike number and weight per 100 
seeds were not associated (Figure 8). 
Spike and spikelet number, and spikelet number and weight per 100 
seeds, in the barley planting date experiment were negatively correlated: 
spike number and weight per 100 seeds were positively correlated (Figure 
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9). Spikelet number was omitted from the analysis of the April 8 planting 
date since its variance was zero. 
Variation in correlations among the yield components showed no 
consistent trends with changes in fertility or planting dates. 
The path coefficients exhibited rather erratic patterns across 
levels of the environmental variables which, coupled with the fact that 
the yield components were usually correlated, negated the utility of 
path coefficient for explaining contributions of the yield components to 
yield. 
Differential Genotypic Yield and Yield Component 
Responses to the Environmental Variables 
Genotype x environment interaction (in a statistical sense) is the 
failure of the genotypic and environmental effects to be additive: herein, 
genotype x environment interaction is defined as the failure of all 
genotypes to produce equal responses to fluctuations in an environmental 
variable. 
Genotype x environment interaction correlations are presented in Table 
14. The most pronounced negative relationships for the genotype x environ­
ment correlations were between weight per 100 seeds and yield in the 
barley-phosphorus experiment. Sizeable positive relationships existed 
between panicle and spike number and yield in the nitrogen experiments, 
between panicle number and yield and spikelet number and yield in the oat 
planting date experiment. 
Correlations utilizing the genotype x environment interaction vari­
ances and covariances among the yield components were calculated (Table 15). 
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Table 14. Genotype x environment correlations between yield and each 
yield component 
Envir onisenta 1 Gorrelati on coefficients 
treatment Crop 
^*4*1 %*2 ^*4*3 
Phosphorus Oats 
Barley 
0.06 
0.36 
0.25 
0.10 
0.28 
-1.04 
Nitrogen Oats 
Barley 
0.79 
0.81 
a 0.61 
0.00 
Planting date Oats 
Barley 
0.36 0.82 0.16 
^Genotype x environment variable interaction variance was zero. 
Table 15. Genotype 
ponents 
X environment correlations between the yield com-
Environmental Correlation coefficients 
treatment Crop 
^"*1*2 ^*1*3 ^X2X3 
Phosphorus Oats 
Barley 
-0.80 
-0.88 
-0.63 
0.20 
0.86 
-0.70 
Nitrogen Oats 
Barley 
a 
-0.07 
-2.53 
- -
Planting date Oats 
Barley 
0.06 0.23 
-0.89 
-0.07 
^Genotype x environment interaction variance was zero. 
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Since the presence of a genotype x environment interaction implies that 
genotypic differences exist for response to environmental fluctuations, 
a positive correlation between the genotype x environment interaction 
effects of characters x^ and x^ indicates that genes which cause x^ to 
show a large response to fluctuations in an environmental variable also 
cause Xjj to show a similar reaction. Negative correlations indicate that 
genes which cause a large response in cause a low response in x^. The 
absolute magnitude of the correlations indicate the extent to which x^ 
and x^ are affected by the same set of genes. 
The response of all yield components of oats to phosphorus appear to 
be controlled largely by the same set of genes. With increasing phos­
phorus, the genetic response of oat varieties is contrasting between 
panicle and spikelet number, and between panicle number and weight per 
seed, but the response is similar for seed weight and panicle number. 
For barley varieties, the genetic response to Increasing phosphorus was 
contrasting between weight per seed and seeds per spike and between spike 
number and weight per seed. There was no large genetic relationship 
between weight per seed and spike number. 
Genotype x nitrogen level correlations among the yield components 
provide little information since only two of the six possible could be 
estimated. 
The responses of the oat yield components to planting dates are 
evidently controlled by different sets of genes: this result is not 
surprising since change in planting date involves changes in many 
environmental variables, e.g., temperature, water availability, day 
length, light intensity, etc. It is unlikely that all environmental 
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variables would have similar effects on the yield components of all 
varieties. Contrariwise, the barley varietal response indicates that spike 
number and weight per 100 seeds result from a common set of genes. 
The concept of heritability is useful in determining whether differ­
ences among phenotypes have resulted from genotypic or non-genotypic 
causes. Heritability, for a set of homozygous lines is the ratio of 
genotypic to phenotypic variance. Herein, the genotypic and phenotypic 
variances are expressed on a single-plot basis. If genotype x environment 
interaction exists, the genotypic and error variances may change from one 
environment to another. Since the phenotypic variance of a plot at the 
qth environmental level is 
the phenotypic and genotypic variances may fluctuate with environmental 
level. 
Calculation of the heritability ratio 
for each level of environment, q, should show which level of environment 
is best suited for differentiating the genetic constitutions among 
varieties. Intuitively there are several reasons to expect that the 
environmental level which produces the highest mean performance would 
Changes in Heritability Due to Changes in 
the Environmental Variables 
q°P (q°g q°e) » 
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provide the best testing environment, while the environmental level which 
produces the lowest mean performance would provide the poorest. First, 
a high performance (non-stress) environment might accentuate genotypic 
variances more than low performance (stress) environments because the 
non-stress environment would permit full expression of the genotypes of 
all varieties whereas the stress environment might inhibit the full 
expression of the genotypes of potentially elite varieties. Of course, a 
concomitant increase may occur in the environmental variance which would 
offset the gain from the increase in the genotypic variance. Using mean 
yield as a criterion of stress and non-stress environments, the 80- and 
40-pound rates of phosphorus and nitrogen, respectively, and the March 28 
planting date would be non-stress environments, while the zero rates of 
phosphorus and nitrogen and the April 18 planting date would be stress 
environments. 
Genotypic and split-plot error variances for yield and the yield 
components of oats and barley are presented in Appendix G, Tables 20 and 
21. In several cases, the genotypic variance decreased with diminished 
environmental stress, e.g., oat grain yield in the nitrogen experiment 
and panicle number in the planting-date experiment, and grain yields 
and weight per 100 seeds in the barley-planting-date experiment. Of 
course, these contrary results may be due to the fact that the calcula­
tions are based upon logarithms. Variances from arithmetic data can be 
transformed approximately to logarithmic variances by 
V(ln x) = 2^ *) 
X 
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Hence, a logarithmic variance would decrease with decreasing 
environmental stress if the variance, in arithmetic units, increased 
less rapidly than the square of the arithmetic mean. Heritability. on 
the other hand, is less affected by the transformation from arithmetic to 
logarithmic units than is the genotypic variance, because both the geno-
typic and phenotypic arithmetic variances are divided by the same quantity, 
i.e.. 
and 
so that 
V(Xg) 
h2 = ZW. ; : lÈsl 
V(yp) V(Xp) V(xp) 
*2 
where y » Ig x and the subscripts g and p stand for genotype and pheno-
type, respectively. 
Graphs of the heritability percentages of yield and the yield 
components of oats and barley tested at different levels of environment 
are given in Figures 10 and 11. In general, the grain yield heritability 
percentages in a given experiment did not fluctuate materially with either 
increasing or decreasing environmental stress. Except in the barley-
planting-date experiment, the greatest fluctuations were no more than 10 
percent within experiments. In this experiment, the heritability for 
yield was sporadic with the lowest value at the earliest planting date. 
\ 
Figure 10. Heritability percentages for yield and the yield com­
ponents of oats for three planting dates, three nitrogen 
levels, and four phosphorus levels 
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Figure 11. Heritability percentages for yield and the yield com­
ponents of barley for three planting dates, three 
nitrogen levels, and four phosphorus levels 
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Uerltabîllty percentages for spike and panicle number were Increased by 
phosphorus and nitrogen fertilization: the greatest increase occurred 
between the checks and the first increment of nitrogen or phosphorus 
with little change from additional increments. In the date-of-planting 
experiments, the heritability percentages for spike and panicle number 
per plot did not change much from one date to another. Spikelet number 
heritabilities of oats and barley varied little within the phosphorus 
and nitrogen experiments, but they fluctuated irregularly with planting 
dates. The heritability of weight per 100 seeds changed little in any 
experiment. 
Since heritabilities of oat panicle and barley spike number increased 
with decreasing nitrogen and phosphorus stress, the best testing environ­
ment for these characters is at high fertility levels. A wide range 
of environments can apparently provide equally adequate testing conditions 
for yield, spikelet number, and weight per 100 seeds of both species since 
heritabilities of these characters varied little with environmental stress. 
Influence of Genotype x Environment Interaction 
on Genotypic Advance from Selection 
Selection of superior individuals is based on the phenotypic 
expressions of the plants or strains which constitute the population upon 
which selection is practiced. The phenotype results from genotypic and 
environmental effects which are assumed to be additive. In pure line 
varieties of oats and barley the genotypic effects are passed intact 
from parent to offspring, but the environmental effects of the two 
generations are independent. Selected individuals or strains with 
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performance above the population mean usually are superior due to a 
combination of genotypic and environmental effects. Usually, the 
environmental effects upon the selected Individuals or strains will be 
better than the mean environmental effects. If the environmental and 
genotypic effects are distributed independently, the offspring of 
selected individuals or strains will receive a random sample from the 
population of environmental effects: so, the expected mean of the 
environmental effects of the offspring equals the mean of the population 
of environmental effects. Since the mean genotypic effects of parents 
and offspring are identical, and since the mean environmental effect on 
the offspring will be less than that of the parents, the phenotypes of 
selected strains usually regress toward the mean of the parental popula­
tion. The regression of offspring on parent is heritability, i.e., 
2 
b = Cov(s+e,R+e') ^ g 
op V(g+e) 
g e 
where 
g = genotypic effect of parent and offspring, 
e = environmental effect on parent, 
e' = environmental effect on offspring. 
Then the expected genotypic advance is 
R = iOph^ 
where ia^ is the mean of the selected parents and h^ is heritability. 
Expected genotypic advances for yield and the yield components based 
on a selection intensity of 33 percent are presented in Table 16 and in 
Figures 12 and 13. The values of selection advance have been converted 
Table 16. Expected advance (percent of experiment mean) from selection for yield and yield 
components. Selection intensity = 0.33 
Expected genotyplc advance 
Environmental 
treatment 
Treatment 
level 
XI X2 X3 %4 
Oats Barley Oats Barley Oats Barley Oats Barle> 
Phosphorus 0 2.9 6.8 15.7 27.2 14.5 9.7 7.3 7.3 
20 9.7 17.2 22.4 37.6 13.5 10.1 9.0 7.8 
40 13.4 22.2 24.4 42.6 14.6 11.3 11.9 10.1 
80 10.7 23.7 25.4 42.8 14.9 9.4 12.9 12.4 
Nitrogen 0 4.0 13.4 23.5 6.6 13.3 6.9 8.2 5.7 
20 11.1 24.5 25.1 9.6 11.6 8.2 8.0 6.3 
40 14.0 35.0 27.1 8.5 9.3 4.8 7.2 7.1 
Planting date March 28 10.6 39.2 23.4 0.8 13.3 8.6 18.0 13.1 
April 8 11.5 40.8 11.0 0.0 14.1 10.1 14.3 23.6 
April 18 14.0 36.4 22.4 1.1 14.1 10.0 13.6 18.4 
Figure 12. Expected selection advance of oats for four phosphorus 
levels, three nitrogen levels, and three planting dates 
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Figure 13. Expected selection advance of barley for four phosphorus 
levels, three nitrogen levels, and three planting dates 
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approximately from logarithmic units to units of percent of the experiment 
mean, by the transformation 
R' » Rx 
where 
R' = selection advance In units of percent of the experiment mean, 
R = selection advance in logarithmic units, 
X = mean In units of percent of the experiment mean. 
Expected genotyplc advance for oat and barley grain yields increased 
with added Increments of phosphorus, remained constant for all levels of 
nitrogen, and decreased and increased for oats and barley, respectively, 
with delayed planting (Table 16). For panicles and spikes per plot the 
expected genotyplc advance tended to Increase with decreasing stress from 
phosphorus or nitrogen: however, all dates of planting gave nearly the 
same advance. The expected genetic advances for seeds or spikelets per 
spike or panicle increased when one Increment of phosphorus was applied, 
but additional increments gave no greater advance: the expected advances 
were similar for all nitrogen levels: the values for different planting 
dates were erratic. With the possible exception of the oat-nitrogen 
experiment, the intra-experiment expected advances for weight per 100 
seeds were similar for all levels of an environmental factor. 
In general, decreasing phosphorus stress was effective in increasing 
expected selection advance for panicle and spikelet number of oats and 
spike and spikelet number of barley, and decreasing nitrogen stress 
was effective in Increasing expected selection advance for oat panicle 
and barley spike number. 
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A pertinent question is -- do the same environmental levels maximize 
genotypic advance and heritability? Maximum heritability and maximum 
genotypic advance will coincide at the same environmental level if: (a) 
the phenotypic variance of the selected character remains constant while 
the genotypic variance fluctuates from one environment to another; (b) the 
phenotypic variance fluctuates less than the genotypic variance; (c) the 
phenotypic variance decreases when the genotypic variance increases. 
The levels of the environmental variables which produced the greatest 
genotypic advance and heritability percentages for yield and the yield 
components occur are given in Table 17. In a majority of cases, the level 
of an environmental factor which gave maximum genotypic advance also gave 
maximum heritability, but in several instances, especially with dates of 
planting, the two did not coincide. If faced by the decision of choosing 
an environment that maximizes genotypic advance or one that maximizes 
heritability, probably the latter environment should be chosen: to be 
able to distinguish between the genotypes of lines or individuals is more 
important than being able to produce apparently large gains from selection. 
Genotype x environment interaction also bears upon this argument. A 
genotype x environment interaction implies that a genotype is better 
adapted to one environment than to another. If genotype x environment 
interaction exists, varieties may change rank from environment to environ­
ment: thus, a superior genotype selected for one level of environment 
may not be the superior genotype in another environment. Herein, the 
genotype x environment interaction variances were small compared to the 
genotypic variances (Table 11). So, superior lines could be selected at 
the level of environment where heritability is highest with reasonable 
86 
Table 17. Environmental levels at which genetic advance = R and herit-
abilities = h^ were highest for yield and the yield components 
of oats and barley 
Highest levels of genetic advance 
and herltability 
Environmental 
variable Species 
*1 *2 *3 *4 
R h2 R h2 R h2 R h2 
Planting date Oats MS A18 M28 M28 A8,A18 A18 M28 A18 
Barley Â8 M28 A18 A18 A8 M2B A8 A8 
Nitrogen Oats 40 40 40 40 0 0 0 0 
Barley 40 40 20 20 20 20 40 0 
Phosphorus Oats 80 40 80 80 80 80 80 80 
Barley 80 80 80 80 40 40 80 80 
assurance that the selected lines would maintain relative superiority at 
other levels of the environment. 
ïïie importance of genotype x environment interaction may be under­
estimated in these experiments because the oat and barley tested had broad 
genotypic bases. Also, each experiment was grown in only one year, and 
only one environmental factor varied in each experiment. Genotype x 
environment interaction could assume greater importance if oat or barley 
populations with narrower genotypic bases were used, and if several 
environmental factors varied simultaneously. 
87 
Influence of Genotype x Environment Interaction 
on Expected Correlated Response of Yield 
to Selection on the Yield Components 
Earlier, the effects of genotype x environment interaction were dis­
cussed relative to genotypic variance, magnitude in comparison to genotypic 
and environmental variances, effect on heritability and expected genotypic 
advance, and influence on genotypic correlations among yield and the yield 
components. Now these topics will be integrated through the expected 
correlated response of yield to selection on the yield components at each 
level of the environmental variables. 
The expected correlated response of character y to selection for x is 
lhxr(g)xy*(g)y 
where 
i = selection differential as a multiple of o"(p)x' 
hg. = square root of the heritability of x, 
^(g)xy ~ genotypic correlation between x and y, 
a(g)y = genotypic standard deviation of y. 
Obviously, the correlated response of y depends upon: (a) the 
heritability of x; (b) the genotypic correlation between x and y; 
(c) the genotypic variance of y. Since each of these population par­
ameters varies with changes in environmental level, the expected corre­
lated response to selection also varies with changes in environmental 
levels. Again, logarithmic units were converted approximately to arithme­
tic units by multiplying CRy by x, where x is in arithmetic units of 
Table 18. Expected correlated response of yield to selection on each of the yield components. 
Data converted approximately to percent of experiment mean. Selection intensity 
= 0.33 
Environmental 
treatment 
Treatment 
level 
Correlated response of yield to selection on characters Indicated 
XI *2 
Oats Barley Oats Barley Oats Barley 
Phosphorus 0 
20 
40 
80 
-4.5 
-5.2 
7.3 
•6.1 
-0.5 
-2.1 
-1.3 
•1.3 
•2.8 
0.4 
3.9 
2.3 
10.9 
7.8 
9.0 
10.4 
9.0 
4.4 
4.5 
5.9 
-11.0 
-7.5 
-8.6 
-9.4 
Nitrogen 0 
20 
40 
0 . 0  
0 . 0  
0 . 1  
-6.0 
-6.9 
-7*0 
0 . 2  
0 .8  
0.3 
-0.4 
0 . 6  
0.7 
2.7 
0.4 
0.6 
- 7 . 8  
-8.6 
- 9 . 8  
Planting date March 28 
April 8 
April 18 
1.4 
2 . 2  
3.8 
20.0 
27.7 
25.4 
•7.0 
•6.2 
•9.2 
-4.0 
0 . 0  
•7.9 
12.9 
11.1  
9.6 
1 3 . 0  
16 .8  
18.8 
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percent of the experiment mean. 
The intra-experiment fluctuations in expected correlated response 
of yield from selection on the yield components were small except in one 
or two cases (Table 18). The expected correlated response of yield to 
selection for weight per 100 seeds in oats decreased as the phosphorus 
level increased. Also, the negative response of yield to selection for 
panicle number increased with added phosphorus. Without knowing the 
heritability and genotypic variance, one would have assumed that the 
expected correlated response of yield to selection on panicle number would 
have decreased with increasing levels of phosphorus. The negative corre­
lation between yield and panicle number (Table 13) decreased with added 
increments of phosphorus: however, across phosphorus levels, increases 
in heritability and genotypic variance of yield offset the correlation 
decrease, so the correlated response of yield increased in absolute 
magnitude as the phosphorus level was increased. 
The yield component giving the greatest expected correlated response 
in yield, the magnitude of the correlated response, and the expected geno­
typic advance from selection for yield alone at an environmental level 
are presented in Table 19. At the zero level of phosphorus the best 
expected correlated response for yield was given by selection for 100-seed 
weight: at higher phosphorus levels selection for panicle number gave 
the best response of yield. Selection for 100-seed weight of barley gave 
the best expected correlated response in yield at zero phosphorus, but 
selection for seeds per spike gave the best correlated yield response when 
phosphorus was applied. The maximum correlated response of oat yield at 
two of three nitrogen levels, barley yield at all levels of nitrogen, and 
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Table 19. Selection for the indicated yield component giving the greatest 
expected correlated response in yield, CR = the magnitude of 
the expected correlated response, and R = the expected geno-
typic advance from selection on yield alone 
Oats Barley 
Environmental Treatment Yield Yield 
treatment level component CR R component CR R 
Phosphorus 0 *3 9.0 7.3 X3 -11.0 7.3 
20 
*1 -5.2 9.0 H 7.8 7.8 
40 Xi -7.3 11.9 *2 9.0 10.1 
80 *1 -6.1 12.9 *2 10.4 12.4 
Nitrogen 0 
*3 2.7 8.2 *3 
1 00
 
5.7 
20 X2 0.8 8.0 *3 -8.6 6.3 
40 X3 0.6 7.2 *3 -9.8 7.1 
Planting date March 28 
*3 12.9 18.0 *1 20.0 13.1 
April 8 X3 11.1 14.3 *1 27.7 23.6 
April 18 
^3 9.6 13.6 *1 25.4 18.4 
oat yield at all planting dates was associated with selection for weight 
per 100 seeds. The best expected correlated response of barley yield at 
all planting dates was associated with selection on spike number. 
Previously, it was concluded that when genotype x environment inter­
action is small relative to the genotypic variance, selection should be 
conducted at the environmental level where heritability is highest. For 
the case of correlated response of yield from selection for a yield 
component, the maximum advance will occur at the environment-yield 
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component combination where the product, [(qr(g)m4)(qhm)], is a maximum: 
(g)m4 ~ genotypic correlation between yield and yield component x^, 
y 
qh^ = heritability of yield component 
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SUMMARY 
Variation in the characters panicle number in oats and spike number 
in barley, spikelet number per panicle or spike, and weight per 100 failed 
to account for all the variation in grain yield of oats and barley. 
Nitrogen, phosphorus, and planting date treatments usually induced sig­
nificant variation, and varieties differed significantly for yield and 
the yield components. Genotype x phosphorus, nitrogen, and planting date 
Interactions were small in comparison to genotypic and environmental 
treatment variances. Genotypic correlations among the yield components 
varied both within and between experiments with variation among experi­
ments being larger, and correlations among the yield components were, in 
several Instances, strongly negative. There were no consistent trends in 
correlation changes with fertility and planting dates. Only oat panicle 
and barley spike number heritabilities increased with decreasing environ­
mental stress. Maximum heritability and selection advance of yield and 
the yield components usually coincided at the same environmental levels. 
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APPENDIX A 
Figure 14. Relative performance of oat varieties at four phosphorus 
levels. The following symbols are used in all figures 
in Appendix A: 
0 = number of panicles per unit area, 
A = number of spikelets per panicle, 
• = weight per 100 seeds, 
A = grain yield 
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Figure 15. Relative performance of oat varieties at four phosphorus 
levels 
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Figure 16. Relative performance of oat varieties at four phosphorus 
levels 
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Figure 17. Relative performance of oat varieties at four phosphorus 
levels 
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Figure 18. Relative performance of oat varieties at four phosphorus 
levels 
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Figure 19. Relative performance of oat varieties at four phosphorus 
levels 
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APPENDIX B 
Figure 20. Relative performance of oat varieties at three nitrogen 
levels. The following symbols are used in all figures 
in Appendix B: 
O = number of panicles per unit area, 
A = number of. spikelets per panicle, 
• = weight per 100 seeds, 
• = grain yield 
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Figure 21. Relative performance of oat varieties at three nitrogen 
levels 
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Figure 22. Relative performance of oat varieties at three nitrogen 
levels 
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Figure 23. Relative performance of oat varieties at three nitrogen 
levels 
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Figure 24. Relative performance of oat varieties at three nitrogen 
levels 
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Figure 25. Relative performance of oat varieties at three nitrogen 
levels 
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APPENDIX C 
Figure 26. Relative performance of oat varieties at three planting 
dates. The following syad)ols are used in all figures in 
Appendix C: 
0 = panicles per unit area, 
spikelets per panicle, 
0 = weight per 100 seeds, 
A = grain yield 
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Figure 27. Relative performance of oat varieties at three planting 
dates 
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Figure 28. Relative performance of oat varieties at three planting 
dates 
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Figure 29. Relative performance of oat varieties at three planting 
dates 
RELATIVE PERFORMANCE 
i 
s 
RELATIVE KRPORMANCE 
i 
1 
RELATIVE PCRVORMANCE 
f-y-9 1 9  ^
I 
I 
I 
î 
l 
RELATIVE PERFORMANCE 
Figure 30. Relative performance of oat varieties at three planting 
dates 
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Figure 31. Relative performance of oat varieties at three planting 
dates 
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Figure 32. Relative performance of oat varieties at three planting 
dates 
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APPENDIX D 
Figure 33. Relative performance of barley varieties at four phosphorus 
levels. The following symbols are used in all figures in 
Appendix D: 
0 = number of spikes per unit area, 
A = number of seeds per spike, 
0= weight per 100 seeds, 
• » grain yield 
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Figure 34. Relative performance of barley varieties at four phosphorus 
levels 
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Figure 35- Relative performance of barley varieties at four phosphorus 
levels 
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APPENDIX E 
Figure 36. Relative performance of barley varieties at three nitrogen 
levels. The following symbols are used in all figures in 
Appendix E: 
0 = spikes per unit area, 
A = spikelets per spike, 
weight per 100 seeds, 
A = grain yield 
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Figure 37. Relative performance of barley varieties at three nitrogen 
levels 
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Figure 38. Relative performance of barley varieties at three nitrogen 
levels 
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APPENDIX F 
Figure 39. Relative performance of barley varieties at three planting 
dates. The following symbols are used in all figures of 
Appendix F: 
0 = spikes per unit area, 
A = spikelets per spike, 
• = weight per 100 seeds, 
A = grain yield 
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Figure 40. Relative performance of barley varieties at three planting 
dates 
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APPENDIX G 
Table 20. Genotypic and split-plot error variances for yield and the yield components of oats at 
several planting dates and rates of fertilization* 
Environmental 
variable 
Level of 
environment 
Yield Panicle No. Snikelet No. Wt. / lOO seeds 
31 -ai îf 
Planting Date March 28 468 475 217 309 579 230 190 61 
April 8 348 335 218 210 379 933 220 61 
April 18 315 242 274 155 629 273 217 53 
Nitrogen 0 lbs/A. 227 371 67 161 649 185 174 42 
20 lbs/A. 173 406 203 194 674 200 152 54 
40 lbs/A. 120 329 252 194 764 244 140 107 
Phosphorus 0 lbs/A. 239 435 40 145 428 257 206 24 
20 lbs/A. 176 254 138 92 551 170 187 40 
40 lbs/A. 212 246 205 91 591 182 204 27 
80 lbs/A. 212 249 159 115 601 171 204 26 
/ 
®A11 values in the table have been multiplied by 10^. 
Table 21. Genotypic and split-plot error variances for yield and the yield components of barley at 
several planting dates and rates of fertilization 
Environmental 
variable 
Level of 
environment 
Yield Spike no. 
Spikelet no. 
or seeds 
per spike Wt. / jLOO seeds 
Si Si "4 3i '4 n 
Planting date March 28 403 1004 1508 378 18 590 83 40 
April 8 940 945 1708 464 -28 905 125 58 
April 18 896 1295 1628 474 23 376 148 88 
Nitrogen 0 lbs/A 162 472 438 416 88 106 80 87 
20 lbs/A. 133 429 650 240 132 89 85 49 
40 lbs/A. 147 526 1038 346 100 84 52 82 
Phosphorus 0 lbs/A. 279 452 175 302 1021 246 110 30 
20 lbs/A. 157 323 396 241 1308 157 113 34 
40 lbs/A. 192 341 548 297 1530 137 123 23 
80 lbs/A. 220 347 540 260 1471 137 91 31 
